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Abstract

Tantalum was subjected to high plastic strains (global effective strains between 0 and 3) at high strain rates (> 10* s=!) in an
axisymmetric plane strain configuration. Tubular specimens, embedded in thick-walled cylinders made of copper, were collapsed
quasi-uniformly by explosively-generated energy; this was performed by placing the explosive charge co-axially with the
thick-walled cylinder. The high strains achieved generated temperatures which produced significant microstructural change in the
material; these strains and temperatures were computed as a function of radial distance from the cylinder axis. The microstruc-
tural features observed were: (i) dislocations and elongated dislocation cells (e < 1, T < 600 K); (ii) subgrains (1 < €. <2, 600
K <T <800 K); (iii) dynamically recrystallized micrograins (2 < e <2.5, 800 K <T<900 K); and (iv) post-deformation
recrystallized grains (€. > 2.5, T> 1000 K). Whereas the post-deformation (static) recrystallization takes place by a migrational
mechanism, dynamic recrystallization is the result of the gradual rotation of subgrains coupled with dislocation annihilation. A
simple analysis shows that the statically recrystallized grain sizes observed are consistent with predicted values using conventional
grain-growth kinetics. The same analysis shows that the deformation time is not sufficient to generate grains of a size compatible
with observation (0.1-0.3 pm). A mechanism describing the evolution of the microstructure leading from elongated dislocation
cells, to subgrains, and to micrograins is proposed. Grain-scale localization produced by anisotropic plastic flow and localized
recovery and recrystallization was observed at the higher plastic strains (€. > 1). Residual tensile ‘hoop’ stresses are generated
near the central hole region upon unloading; this resulted in ductile fracturing along shear localization bands. © 1997 Elsevier
Science S.A.

Keywords: Plastic strains; Recrystallization; Tantalum

frequency requires a detailed knowledge of the constitu-
tive response of the material, as well as of the mi-
crostructural softening processes (recovery,
recrystallization, phase changes, precipitate dissolution,
etc.) and of the mechanics of localization evolution.
Tantalum and tantalum-tungsten alloys are excellent
materials for chemical-energy penetrators (shaped
charges and explosively-forged projectiles (EFP)) be-
cause of their high density (o ~ 16.7 x 10° kg m —*) and
considerable ductility and strength. In explosively
forged projectiles the effective plastic strains can reach
levels of several hundred percent [1,2], whereas in
shaped charges they can be even higher. Characteriza-
tion and analysis of the microstructural changes under

* Corresponding author. these extreme conditions has been carried out by Murr

1. Introduction

The combined effects of high strain rate and high
plastic strain on metals can generate a broad range of
microstructural changes: work hardening, dynamic re-
covery, dynamic recrystallization, phase transforma-
tions, and even melting. These effects are important in
many applications (e.g. metal forming, machining, ter-
minal ballistic effects, etc.) and can lead to localized
softening and shear-band formation. Shear bands are a
very important deformation mechanism at high strain
rates, and the ability to predict their occurrence and

)921-5093/97/817.00 © 1997 Elsevier Science S.A. All rights reserved.
°[1S0921-5093(96)10847-9
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Fig. 1. Thick-walled cylinder method: (a) overall view of experimental configuration; (b) cross-section of set-up with initial configuration; (c) pure

shear distortion undergone by element during radial collapse.

and co-workers on recovered shaped-charge [3-5] and
EFP [6,7] specimens. They observed a broad range of
microstructural features such as: dislocation cells, sub-
boundaries, and recrystallized grains. The thermome-
chanical environment experienced by shaped charges
and EFPs can be simulated under controlled laboratory
conditions in which the plastic strain and strain rate
can be prescribed. The hat-shaped specimen, developed
by Meyer and Manwaring [8], has been shown by
Meyers et al. [9] and Andrade et al. [10] to be very
useful in the establishment of the high-strain, high-
strain-rate response of copper. This technique has re-
cently been applied to tantalum [11]. The limitation of

- this technique is that the maximum effective strain that

can be achieved is ~ 1. The primary microstructural
changes observed were dynamic recovery and the onset
of dynamic recrystallization within isolated regions, due
to heterogeneous plastic flow. The calculated mean
temperature was 800 K, insufficient for global dynamic
recrystallization. The thick-walled cylinder method, de-
veloped by Nesterenko and coworkers [12—14], enables
the generation of higher effective strains ( ~3) under
controlled high strain-rate conditions. This report de-
scribes the application of this technique to tantalum,
the microstructural changes observed, and correlates
them with the local thermal excursion.
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2. Experimental procedure
2.1. Material

Two types of tantalum (Cabot) were used in this
research program:

(a) Plate (8 mm thick). This material was obtained
from Cabot, Boyertown, PA, in circular-plate form
(155 mm diameter). The plate was produced by press
forging 30 cm high ingots into 10 cm slabs, which are
then annealed. This is followed by cross-rolling to the
final thickness with intermediate anneals. This tantalum
contained a fairly high dislocation density in the as-re-
ceived state, because no anneal was carried out after the
last pass. The material did not have a uniform grain
size; the heterogeneous microstructure was composed of
regions with average grain sizes of 43 and 73 pm. The
average microhardness values for these samples varied
between 103—155 HV50. The yield stress in compres-
sion at a strain rate of 8 x 107* s~! was 250 MPa.
Further details about the texture and high-strain-rate
properties can be found in Meyers et al. [11]. The tubes
obtained from the plate were 8§ mm in height, with
inner and outer diameters of 11 and 17 mm, respec-
tively.

(b) Tubes. Two tantalum tubes 70 mm in length and
with inner diameters of 15.7 and 11 mm, respectively,
and outer diameters of 19 and 16 mm, respectively,
were obtained from Cabot, Boyertown, PA. These
tubes were obtained from annealed rods. As a result,
the microstructure was homogeneous with an average
grain size of 60 um. The average microhardness for
these samples varied between 98 and 131 HVS50. The
mechanical properties as specified by Cabot are: tensile
strength, 248 MPa; yield strength, 173 MPa; and elon-
gation to failure, 45%.

The presence of interstitials is very important because
strain aging is known to have significant effects on the
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Fig. 2. Strain rates for inner and outer cylinder walls as a function of
time after initiation walls as a function of time after initiation of
collapse.

b
Fig. 3. (a) Initial and (b) final configurations for tantalum (disk).

mechanical properties, increasing the flow stress and
work hardening in the 300-600°C temperature range.
This is clearly demonstrated by, among others,
Krashchenko and Statsenko [15], Shields et al. [16], and
Strutt et al. [17]. The principal interstitial contents, in
parts per million, for the two materials are: disks (C:
60; O: 70; N: 10; H: 4); tubes (C: 25; O: 60; N: < 10; H:
< 5). The material for disks (initially, in shape of plate)
has a slightly higher interstitial content than the tube.
This level of intersititials is expected to play a role in
the flow stress and work hardening in the 300—600°C
temperature range.

2.2. The thick-walled cylinder method

The principal features of the thick-walled cylinder
method are described first. The experimental configura-
tion is shown schematically in Fig. 1(a). The inner wall
of the tube is collapsed by the energy derived from the
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detonation of the low-detonation explosive charge,
placed co-axially with the copper cylinder. The explo-
sive is initiated at the top and the detonation wave
proceeds downwards; thus, the inner wall of the tube
does not collapse simultaneously. Nevertheless, the an-
gle of collapse is very small, and plastic deformation
can be assumed to occur in the plane perpendicular to
the cylinder axis. An explosive with a detonation veloc-
ity of 4 km s~ ! was used, and the system was calibrated
by means of electromagnetic gages placed in the central
orifice. This procedure is described by Nesterenko,
Bondar, and Ershov [13]. Tantalum disks or tubes were
incorporated into a copper thick-walled cylinder in such
a fashion that they formed a portion of the internal
wall. The insertion of the tantalum specimens did not
appreciably change the plastic deformation parameters
(strain and strain rate) because the Ta/Cu mass ratio is

b

Fig. 4. (a) Initial; (b) final configurations for tantalum (tube); and (c) close up showing shear localization bands (arrows).

0.2. Only the central portion of the setup was used, and
wave propagation effects are essentially negligible be-
cause of the low detonation velocity of the explosive.
Fig. 1(b) shows the cross-section of the system, with the
external (R,) and internal (R;) radius of the Ta speci-
mens. The final internal radius of Ta can be taken as
Zero.

In the case of disks, two were stacked up in the
central portion of the assembly, for a total length of 16
mm. It was necessary to use disks because the material
for EFPs has an initial thickness of 8 mm, insufficient
for machining a tube. The tubular specimen was placed
in the central portion, as marked. The state of strain is
pure shear, as can be seen by the dimensional changes
undergone by an initially square element, shown in Fig.
1(c). The strain rate as a function of time, calculated
from the measured inner surface velocity [13,18], is



27

Nesterenko et al. / Materials Science and Engineering A229 (1997) 23-41

V.F.

Fig. 4.
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Fig. 5. Microstructure in vicinity of central hole.

shown in Fig. 2. As can be seen, the strain rate varies
between 1 and 3.5 x 10* s~ ! during the collapse pro-
cess.

3. Results and discussion

3.1. Overall microstructural changes

The collapsed tantalum specimens are shown in Fig.

30 T T T L T

RECRYSTALLIZED GRAIN SIZE ( pum )

700

DISTANCE ( pm )

Fig. 6. Recrystallized grain size as a function of distance from the
central axis in collapsed cylinder.

3 (disk and Fig. 4 (tube). Photomicrographs at two
magnifications (Fig. 3) reveal the residual central orifice
as well as a pattern of convergent plastic flow and
radial cracks. The central orifice was not completely
collapsed, and the residual radius is approximately 0.5
mm. This incomplete collapse is due to either jetting
along the cylinder axis (due to non-simultaneity of
cylinder collapse—see Section 2) or to insufficient en-
ergy for collapse. Nevertheless, over 90% of the process
of collapse was successfully achieved. The residual cen-
tral orifice is more regular for the tubular specimen, as
is the pattern of cracks (see Fig. 4(b)). As can be seen
in Fig. 4(c), these cracks propagate mainly in shear
localized regions very near the central orifice. With
increasing radius (i.e. decreasing strain), the shear
bands become diffuse as shown by the arrows in Fig.
4(c). Upon closer examination, the region close to the
central orifice reveals a broad variety of microstructural
features. The initial grain sizes for the tantalum disk
and tube are 43-73 pm [11] and 60 pm, respectively.
Near the central orifice, regions with a well-annealed
structure, with grain size of ~ 17 pm, can be seen for
the tantalum disk (Fig. 5). This reduction in grain size
(from 60 to 17 pm) is indicative of recrystallization, and
requires a temperature and time window sufficient for
this process. The recrystallized grain size decreases as a
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Fig. 7. Microstructural features of crack tips; note absence of alongated marks ahead of crack tips.

function of distance from the central orifice, until it
cannot be resolved by optical metallography. Fig. 6
shows the measured recrystallized grain size as a func-
tion of distance. A straight-line approximation was
used to represent this response. In Section 3.5, this
recrystallized grain size is correlated with the thermal
excursion undergone by the specimen. As the recrystal-
lized grain size becomes too small to be resolved opti-
cally, two distinct areas appear: uniformly etched
regions, marked R in Fig. 5 and indicated by rectangles;
these regions are also shown in Fig. 7 as well as
elongated features marked E. Fig. 7 shows the tips of
two cracks. The material at the front of the cracks is

more uniformly etched (R) whereas the material along
the sides shows the elongated features (E). The crack
tips show considerable blunting and a radius of ~ 10
pum. This is indicative of the ductile response of tanta-
lum. The uniformly etched regions occur preferentially
at the tips of the cracks and seem to be formed as
poorly defined bands. The grain size was measured
along two radii, and the variation falls within the band
shown in Fig. 6. In Section 3.3 (transmission electron
microscopy) these regions will be discussed further and
clearly identified.

Microindentation hardness measurements were car-
ried out radially and exhibited variations that are con-
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Fig. 8. Microindentation hardness as a function of distance from the
central axis of collapsed cylinder: (a) disk specimens; (b) tube speci-
mens.

sistent with the microstructural changes (see Fig. 8).
The hardness increases gradually from the outer diame-
ter toward the inside; this is a direct result of the
increasing plastic strain. In the statically recrystallized
region, close to central hole, there is a significant drop

Fig. 9. Optical micrograph with microindentation hardness markings
showing evidence for grain-scale localization.

TRUE EFFECTIVE STRAIN

: - O

RADIUS ( mm )

Fig. 10. (a) Effective strain and (b) temperature as a function of
distance from central axis for total collapse of tantalum cylinder.

in hardness from the peak value, at HVN 170, to HVN
100. In the region adjoining this central hole, two levels
of hardness appear: the hardness in the uniformly
etched region (R) and the hardness in the elongated
features (E) regions. It is possible to apply the Hall—
Petch equation to hardness measurements. Meyers et al.
[11] obtained a quasi-static (103 s—!) flow stress of
300 MPa for the tantalum disk, consistent with the
initial hardness of HVN 100, which corresponds to 980
MPa (980/3 =326). The Hall-Petch parameters for
tantalum are given by Armstrong [19] and Zerilli and
Armstrong [20]:

a=0y+kd=1? 90 < 0,<210 MPa

9 <k <19 MPa mm'? (D

It should be considered that the initial condition of
the tantalum is somewhat work-hardened and therefore
the yield stress exceeds the predicted Hall-Petch value
for 60 um. Nevertheless it is possible to estimate a grain
size for the areas R, exhibiting a value of HVN 200
(corresponding to 1960 MPa). The predicted grain size
is, taking k = 14 MPa mm'/%:

k 2
—— 0,

3
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Fig. 11. Transmission electron micrograph of external region (effective strain ~ 1; AT ~ 200 K).

H is the hardness expressed in SI units. Thus, assum-
ing that the areas R are recrystallized (and this will be
discussed further in Section 3.2) the prediction from
microhardness measurements is for a grain size of
~ 0.1 pm. This will be discussed further in Section 3.2.

The peculiar feature of Ta behavior is that plastic
deformation, being localized in separate regions (E), is
accompanied by grains which are uniformly deformed
with subsequent difference in microhardness (see Fig.
9). These regions of localized plastic deformation (E)
are developed on the scale of separate elongated initial
grains, that is determined as grain-scale localization.

3.2. Strain and temperature calculations

The strain in the cylinder can be computed as a
function of the initial dimensional parameters [21]. For
the specific dimensional parameters of the current ex-
periments (internal radii of 5.5 and 7.5 mm for the disk
and tubular specimens, respectively) the effective strains
as a function of distance from the cylinder axis are
given in Fig. 10. The effective strain is defined as, in
cylindrical coordinates:

=2 (6 0P + (6 P + (e P12 ()
€., €99, and €, are the radial, tangential, and longitudi-
nal strains (principal strains). For the thick-walled ge-
ometry, €,=0 and constancy of volume (negligible
elastic strains) leads to: €5y = — €,,.. The effective strain
is therefore given by:

2
€oir = ﬁ €xr “4)

The true effective strains can reach very high values
in the region adjoining the central axis. Whereas the
maximum effective strain achieved in the localized zone
using the hat-shaped specimen is 1.4 (corresponding to
a shear strain of 5.5), values for the effective macro-
scopic strain can exceed this value considerably in the
thick-walled cylinder, as shown in Fig. 10(a). The
dashed line represents a hypothetical experiment for
which the initial radius of the inner hole is 40 mm.
Effective plastic strains in the range 0-10 can be
achieved by this deformation method.

The application of a modified Johnson—Cook [22]
constitutive equation with parameters provided by in-
dependent quasi-static and dynamic uniaxial compres-
sion tests is described by Meyers et al. [11]. The
equation is expressed as:

g= (0’0 + BG“)[] +C log(é/éo)] efi.(T" Ty (5)

where g, is the yield stress, B and n are work-hardening
parameters, C is a strain-rate sensitivity parameter, €,
and T, are reference strain rate and temperature, re-
spectively, and 4 is a thermal softening parameter. The
temperature rise as a function of strain becomes (as-
suming 90% conversion of plastic work into heat):

1 ]

0.9/¢ L.
+ ( »C >[1 +C log(e/eo)]<ao + .

P

B )l
o)

The results are shown in Fig. 10(b). The calculation was
conducted for a strain rate of ~4 x 10* s—!, which
characterizes the strain rate of the inner wall of the
cylinder (see Fig. 2).
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Fig. 12. (a) Transmission electron micrograph from region approximately 1.5 mm from central axis (effective strain: ~ 1.8; AT ~400 K);
diffraction patterns from sub-grain 4; (b) orientations of [110] in five subgrains marked in (a).

3.3. Transmission electron microscopy

Transmission electron microscopy reveals the evolu-
tion of the microstructure as a function of plastic
strain. As the central axis of the collapsed tubes are
approached (increasing plastic strain), the microstruc-
ture evolves from isolated dislocations, to dislocation
cells, to subgrains, and finally, to recrystallized grains.
This sequence is entirely consistent with the results
obtained earlier [10,11]. Fig. 11 shows the microstruc-
ture mid-way between the axis and the external surface
at a distance of ~3 mm from the central axis. The
dislocations organize themselves in walls, and the effec-
tive strain is ~ 1. The microstructure is very similar to
the one observed by Andrade et al. [10] and Meyers et
al. [11] for hat-shaped specimens.

Figs. 1214 show the microstructure at a distance of
~ 1.5 mm from the internal wall. The high dislocation
density leads to the formation of elongated cell walls. A
set of several parallel cells separated by sub-boundaries
is shown in Fig. 12(a); separate selected area electron
diffraction patterns were made of the cells and the
misorientations between adjacent cells are measured in

Fig. 12(b). They are 2, 6, 4 and 3.5°. This is typical of
a highly deformed structure (€.~ 2). This microstruc-
ture is analogous to the one observed by Murr et al. [5]
on recovered tantalum EFPs. These cells were also
observed by Qiang et al. [2] and Wittman et al. [23].
The width of these cells is approximately 0.1-0.3 pum.
Murr et al. [5] and Qiang et al. [2] measured misorienta-
tions varying between 3 and 8°. As the plastic deforma-
tion increases, the misorientation between adjacent cells
increases and the cell walls become sharper. Fig. 13
shows well defined subgrains. The misorientation be-
tween two adjacent regions was measured and found to
be higher than in Fig. 13: 10.6 and 5°. The gradual
break-up of the elongated subgrains into micrograins is
seen in Fig. 14. A similar break-up pattern was ob-
served by Andrade et al. [10] for copper. The long
subgrains break-up into grains having a more equiaxed
structure with diameter equal to the width of the elon-
gated sub-grains ( ~ 0.1 pm). The mechanism of rota-
tion recrystallization, defined by Derby [24]
corresponds, approximately, to this process. A micro-
grain, in the process of formation by a mechanism of
migration (the second mechanism in Derby’s classifica-



V.F. Nesterenko et al. / Materials Science and Engineering A229 (1997) 23-41 33

Fig. 13. Transmission electron micrograph of elongated sub-grains (~ 1.5 mm from central axis).

tion), can be seen in Fig. 14. It is indicated by arrow A.
The arrow B indicates Moiré fringes from the
boundaries between adjacent grains; these fringes sug-
gest that the boundaries are sharp and well defined, and
that they are no longer composed of dislocations. Thus,
one may conclude as did Andrade et al. [10] that a
combination of rotation and migration recrystallization
are taking place. Whereas migration recrystallization
requires significant diffusion, rotation recrystallization
is primarily due to dislocation reorganization and does
not require temperatures on the order of one-half the
melting temperature. Rotation recrystallization is a
characteristic feature of high strain deformation, as
presented by Gil Sevillano et al. [25].

At even smaller distances from the central axis ( ~
0.5 mm) the microstructure becomes decidedly broken
down into micrograins with an aspect ratio of ~2-3
and a width of ~0.1 pm. The boundaries become
clearly defined. The dark-field image of Fig. 15(a) is
shown in Fig. 15(b) and the grain configuration is clear.
The elongated subgrains are starting to partition into
segments. This microstructure is not representative of
the entire region, and grains with less deformation are
juxtaposed with highly deformed grains. This is in
accord with the optical micrographs of Figs. 5, 7 and 9,
which show that plastic deformation is heterogeneous.

Fig. 16 shows, through a sequence of dark-field images,
how grain break-up leads to the recrystallized structure;
corresponding grains in bright and dark-field images
are marked by the 1-1, 2-2, and 3-3 pairs. The dihedral
angles at the triple junctions indicate that the
boundaries are large-angle. Fig. 16 is taken from an
area marked R in Figs. 5 and 7.

3.4. Localization of plastic deformation

The formation of highly deformed bands juxtaposed
with less deformed bands as the plastic strain is in-
creased confirms earlier observations by Qiang et al. [2].
These bands provide thermal fluctuations which create
the periodic array of softened regions that approxi-
mately have radial trajectories near the central orifice.
Upon unloading, the residual tensile stresses produce
opening along these bands, and the cracks serve as
markers for them (Figs. 3 and 4). According to a
preliminary analysis, after unloading, the residual tan-
gential stress near the central orifice is tensile, becoming
compressive at a radius of approximately 3.4 mm. This
is an upper bound length estimate for mode I type
cracks, and is consistent with the length of the cracks
observed (see Fig. 3(b), 4(b) and (c)).

The following aspects are relevant:
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Fig. 14. Transmission electron micrograph from region approximately 1.5 mm from central axis showing break-up of elongated sub-grains.

(a) Crack length: it is approximately 0.5 mm.

(b) Crack orientation: the cracks follow radial trajec-

tories and not spiral trajectories, such as in stainless

steel and titanium (Nesterenko et al. [13]).

Vandermeer and Snyder [26] and Mitchell and
Spitzig [27] studied the mechanical response of
monocrystalline Ta and found profound differences in
work hardening. These differences, in conjunction with
texture softening, can lead to grain-scale localization.
For instance, whereas the microhardness values of three
monocrystals ((111); (112); (001)) were nearly equal,
after 80% reduction in thickness the hardnesses were
[26]:

HVN (111): 200

HVN (112): 150

HVN (001): 130
This is in line with the results of Mitchell and Spitzig
[27]. An additional effect is texture softening, that
becomes operative through plastic deformation due to
the rotation of the grains towards orientations with
larger Schmid factors. Asaro [28] showed that localiza-
tion of plastic deformation can occur for crystals un-
dergoing multiple shear with positive work hardening.
Pierce et al. [29] applied this approach to strain-rate
dependent metals and Asaro and Needleman [30] and
Harren and Asaro [31] extended the treatment to poly-
crystals, using large-scale computations to predict shear
localization in work-hardening materials. Gil Sevillano
et al. [25] discuss the heterogeneity of plastic deforma-
tion at high strains, and Meyers et al. [32] included

textural softening in their classification of microstruc-
tural initiation sites for localization.

The material is under a triaxial compression during
the collapse of the cylinder and individual grains un-
dergo very large extensions due to the pure shear
imparted to them (see Fig. 1(c)). The length—width
(aspect) ratio at a distance of 1 mm from the central
axis (€. = 1.8; Fig. 10(a)) is 36/1. Under the action of
the compressive stresses g4y, the ‘softer’ grains will
deform more, and this can lead to much more pro-
nounced grain distortions. As the internal radius of the
cylinder is approached the strain rises to even higher
ratios. For e =3, the aspect ratio is 400 and the
length of an initially equiaxed grain of 30 pm is equal
to 0.6 mm. Thus, grain-scale inhomogeneities of plastic
deformation (texture softening and anisotropy of plas-
tic flow) are thought to be the leading cause for local-
ization of plastic deformation.

For tantalum, which is characterized by a constant
work-hardening rate up to very large strains and high
melting temperature, the traditional mechanism for the
onset of shear localization (i.e. balance of thermal
softening and work-hardening) can be less important
than the texture softening mechanism. The texture soft-
ening mechanism naturally results in the diffuse shear
bands because it requires the rotation of adjacent
grains. The tubes produced from rods were more prone
to forming diffuse shear bands.

It is worthwhile to mention that the number of
regions in the specimen shown in Fig. 4 in which shear
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Fig. 15. Transmission electron micrograph of region close ( < 0.5 mm) from central axis showing the break-up of the elongated subgrains: (a)
bright field and diffraction pattern; (b) dark field.

deformation was localized is equal to 70. This is demonstrates that the shear band spacing for tanta-
much higher than for titanium and stainless steel for lum is much smaller than for titanium and stainless
the same overall macroscopic deformation. This steel.
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Fig. 16.

3.5. Recrystallization

The calculated temperature increase shown in Fig.
10(b) is suggestive of thermal recovery processes. The
range of recrystallization temperatures is marked in
Fig. 10(b). This range is estimated from data in the
literature; Kock and Paschen [33] estimated the recrys-
tallization range to be 1200-1500 K, whereas recent
results by Beckenhauer et al. [34] yield a recrystalliza-

tion temperature in high purity tantalum of 1000 K.
Beckenhauer et al. [34] were able to obtain a lower
recrystallization temperature by ultra-rapid heating
(803 K s~ 1) of the specimen, inhibiting recovery, a
competing process. The conditions experienced by the
dynamically deformed specimens resemble the ones
simulated by Beckenhauer et al. [34] and this value is
therefore taken as a lower bound for recrystallization.
The results of the optical microscopy are entirely con-
sistent with the temperature predictions of Fig. 10(b). A
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Fig. 16. (a) Bright-field and (b—d) dark-field images from a region < 0.5 mm from central axis showing recrystallized grains; notice grains 1-1,

2-2 and 3-3.

recrystallized layer with a width of ~ 0.5 mm is clearly
seen, (Fig. 3(b)) and this corresponds to the lower
hardness region in Fig. 8 and to the region in which the
temperature approaches the recrystallization tempera-
ture in Fig. 10(b).

Two scales of recrystallization were observed: (a)
recrystallization observed by optical microscopy, in the
central region, with grain sizes ranging between 1-25
um; and (b) recrystallization observed by transmission
electron microscopy, localized in the regions ahead of
the cracks, with grain sizes of approximately 0.1-0.3

pm. These will be discussed below.

3.5.1. Static recrystallization

Recrystallization can occur either concurrently or
after deformation; it is called dynamic and static recrys-
tallization, respectively. An estimate of the kinetics of
static recrystallization can be obtained by calculations
involving grain-boundary migration; static recrystalliza-
tion occurs by a process of nucleation and growth of
new grains. In order to establish this one can, to a first
approximation, apply the simple grain growth equation
(see Reed—Hill [35]):
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Ad = kyAt'm exp( — 2}5,(”) @)

where Ad is the change in the instantaneous grain size
d, k, is a rate constant, Q is the activation energy for
grain growth, Atz is the change in the time, and 7 is
the absolute temperature. The time history of the
temperature as a function of the distance from the
central axis can be established from finite-difference
heat transfer computations, assuming the distribution
given in Fig. 10(b) at time ¢ = 0. The initial grain size
can be assumed to be zero. The activation energy for
grain boundary migration, Q, can be taken as the
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Fig. 18. Calculated cooling curve for a 100 pm wide shear band.

activation energy for self-diffusion. This expression
enables the calculation of the post-deformation grain
sizes. The pre-exponential factor k, and the activation
energy Q can be evaluated from experimental results
reported in the literature. The exponent n varies be-
tween 2 and 10; it is 2 for ultrapure metals and
growth is hindered by solute atoms, increasing n. The
activation epergy for diffusion, Q, was reported by
Vandermeer and Snyder [26] to be equal to 394 kJ
mol ~!. Krashchenko and Statsenko [15] report an ac-
tivation energy for plastic deformation in the range of
047-0.54 T,, (where T, is the melting point) of ap-
proximately 217 kJ mol~'; this corresponds to the
strain rate and temperature range for vacancy migra-
tion and diffusion along dislocations. The pre-expo-
nential factor k, can be obtained from Eq. (7) by
using the experimental result from Vandermeer and
Snyder [26]: an annealing treatment of 7200 s at 1473
K resulted in a fully recrystallized structure with a
grain size of 230 um. Using an activation energy at
300 kJ mol ~! the pre-exponential factor is given by:

p (B0 (300X 10° ®
°=\700) P\ 2garnR

An estimate can be made of the recrystallized grain
size as a function of distance from the central axis if

the cooling rate is known. The final grain size is ob-
tained by numerically integrating Eq. (7):

(2307 (300x10°\ & 0
- (7200) e’“’(2(1473)1&) LA exP( T 2RTG)
9)

The temperature history as a function of radius was
determined by solving the heat transfer problem using
the finite-difference technique. The initial temperature
distribution is given by Eq. (6). The radial strain is
related to the final radius by:

€= ln(-—i—g) (10)

Fig. 17(a) shows the temperature as a function of
radius (only up to 4 mm) for times =0, 0.02 and
0.5 s. The temperature is essentially uniform after 0.5
s. These values were incorporated into Eq. (9) to cal-
culate the recrystallized grain size. The exponent n in
Eq. (9) was varied to obtain results in reasonable
agreement with experimental measurements. The use
of n=238 resulted in the grain-size profile shown in
Fig. 17(b). The grain size decreases from 12 um to
less than 1um for 0 < R< 1.2 mm. This is consistent
with the experimental values shown in Fig. 6. Thus,
the recrystallized grains observed on the inner surface
of the collapsed cylinder are probably due to static
grain growth, and is most likely the result of a static
recrystallization process.




V.F. Nesterenko et al. / Materials Science and Engineering A229 (1997) 23—41 39

L Ao X 1,¢

Yo Y p 3)1’ Tre - Lv™ k
i A ALA ¢y > bz
y47 4 LY 9rtan BPEAL LIAT AR
A LTI AL, s ;»*-’?M S AT
¢y ug 1 47 <« kq 1Y ")«‘ '-y-rii k‘t.-ﬂ*'lf‘._l.g‘i’(;“
,l Ry T PR 'A"T,;-: ¥ TV IR TIYRRT
L A\ R4 1
. > yL¥ % 4y )!- 1%
] < 1 Fe ¢ 12
(@ ®)

—— >

S E—

T

(©

(d

RIS

Fig. 19. Microstructural evolution in high-strain-rate deformation of tantalum: (a) uniform dislocation distribution; (b) elongated dislocation cells;
(c) elongated subgrains; (d) subgrain break-up; (e) dynamically recrystallized grains.

3.5.2. Dynamic recrystallization

The regions marked R at the tips of the cracks (see
Figs. 5 and 7) were revealed to be composed, through
TEM observation (see Fig. 16), of small recrystallized
grains with sizes in the range 0.1-0.3 pm. In these
localized bands of plastic deformation, the tempera-
ture could reach the recrystallization range. However,
the post-deformation cooling time is much shorter. It
is possible to compute the temperature profile in a
narrow band (100 pm width) initially at a tempera-
ture of equal to half the melting temperature. This
band represents the tips of the cracks in Fig. 5. Fig.
18 shows the temperature history, calculated by finite-
element analysis. The time is ~ 0.5 ms. It is possible
to calculate the grain size obtained through a migra-
tional recrystallization process by applying Eq. (9). A
grain size of 8.6 x 107% um is obtained. This is sev-
eral orders of magnitude smaller than the grain size
observed inside of the bands (0.1-0.3 pm).

The observation of substructural evolution suggests
a different mechanism for recrystallization. Derby [24]
classifies recrystallization mechanisms into rotational
and migrational and attention will be focussed on the

former one. Rotational recrystallization needs concur-
rent plastic deformation. It is well documented for
geological materials such as quartz [36], halite [37],
marble [38], sodium nitrate [39], and has recently
been observed for copper by Andade et al. [10]; ob-
servations within shear bands in titanium are also
suggestive of this mechanism [32,40]. Fig. 19 shows
the primary features of the proposed mechanism. For
convenience, it was divided into four stages. Random
dislocation distribution (Stage 1) gives way to elon-
gated dislocation cells (Stage 2) which become elon-
gated subgrains (Stage 3) as deformation is increased.
With further deformation, these subgrains breakup
into micrograins which are approximately equiaxed
(Stage 4) due to interfacial energy minimization. With
continued deformation, these micrograins rotate.
Takeuchi and Argon [41] suggested that the subgrain
size resulting from high-temperature deformation was
related to the applied stress by:

)
%:K (11)
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where o is the applied stress, J is the subgrain size, u is
the elastic shear modulus, b is the Burgers vector mag-
nitude, and K= 10 for metals. This is fairly similar to
the expression obtained by Tungatt and Humphreys
[39]. It is originally due to Sherby and Burke [42] and
has its origin in low-temperature, high-stress creep.
Derby [24] suggested that it could be applied to rota-
tion recrystallization. For the tantalum in this investi-
gation, the parameters are ¢ = 500 MPa, u =69 GPa,
and b =0.2333 nm. This yields a subgrain size of 0.3
um, consistent with the observations. Thus, one may
conclude that dynamic recrystallization by a rotational
mechanism takes place in restricted regions of intense
deformation (i.e. shear localization regions).

It is possible to analyze the rotational dynamic re-
crystallization from an energetic viewpoint. The overall
energy due to random dislocation distribution (Stage
1), dislocation cell formation (Stage 2), subgrain forma-
tion (Stage 3), and micrograin formation (Stage 4) can
be evaluated. This is described by Meyers et al. [43].
Calculations predict a critical dislocation density, mis-
orientation, and cell sizes, in agreement with experi-
mental observations.

4. Conclusions

(1) The collapse of a thick-walled cylinder was used
to generate high plastic strains at high strain rates in
tantalum. The plastic strain increases exponentially as
the symmetry axis of the cylinder is approached; this
technique propitiates controlled and reproducible plas-
tic strains, at strain rates on the order of 4 x 10* s~ 1.

(2) The microstructure was observed to evolve in the
following sequence:

0 < e, < 1, dislocations and dislocation cells

1 < €, <2, subgrains (dynamic recovery)

2 < €4 < 2.5, subgrain break-up plus micrograins (dy-

namic recrystallization)

€, > 2.5, large equiaxed grains (static recrystalliza-

tion)

This evolution is entirely consistent with the tempera-
ture rise predictions using a constitutive equation and
Hopkinson bar experimental results obtained earlier by
Meyers et al. [11]. The grain size of the statically
recrystallized region is in agreement with calculations
based on grain-growth kinetics coupled with the appro-
priate calculated cooling path.

(3) Profuse ductile cracks were observed (approxi-
mately 50) initiating at the internal surface of the
central hole and propagating radially. These cracks are
produced by residual tensie tangential stresses after the
loading stages. The cracks propagate along bands of
highly deformed material.

(4) The plastic deformation becomes heterogeneous
after a critical strain with the formation of localization

on the grain scale. This localization is due to texture
softening and to the anisotropy of flow stress. The large
aspect ratio (length—width) developed by the grains as
they converge towards the central axis under the cylin-
drical collapse process generates plastic strains suffi-
cient to induce large heterogeneities of flow. The
localization follows the trajectory of flow of the grains
(radial). Only very diffuse spiral shear bands were
observed which follow the maximal macroscopic shear
planes. The resulting temperature fluctuations generate
radial paths of softened material.

(5) Dynamic recrystallization by a rotational mecha-
nism occurs within regions of intense plastic deforma-
tion. A mechanism is proposed and qualitatively
described.
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